The effect of infection with Chlamydia pneumoniae on host messenger RNA expression in human monocytic cells with complement DNA microarrays was studied. The data chronicle a cascade of transcriptional events affecting 128 genes, many of which have not previously been reported to be affected by C. pneumoniae infection. Down-regulated genes are primarily associated with RNA and DNA metabolism, chromosomal stability, and cell-cycle regulation. Up-regulated messages include those for a variety of genes with important proinflammatory functions. Many of the up-regulated genes-including the hyaluron receptor CD44, vasoconstrictor endothelin-1, smooth muscle growth factor heparin-binding EGF-like growth factor, and fatty acid binding protein-4-had been previously described as linked to the development of atherosclerosis and other chronic inflammatory diseases. C. pneumoniae-infected monocytes can contribute to the development and progression of diseases for which acute or chronic inflammation has been shown to be important, such as atherosclerosis.
Infection with the bacterium Chlamydia pneumoniae has been suggested to contribute to the initiation and/ or progression of a variety of chronic diseases, including multiple sclerosis [1] , asthma [2] , Sezary syndrome [3] , and atherosclerosis (AT) [4] . C. pneumoniae is an obligate intracellular bacterium primarily associated with respiratory infections, including pneumonia and bronchitis. It is widely distributed in the population, and by age 20, ∼50% of the population of the developed world is seropositive [5] . In addition, C. pneumoniae DNA has been detected in the peripheral blood mononuclear cells (PBMCs) of healthy subjects and in higher percentages in patients with AT [6] . Because C. pneu-moniae is able to infect monocytes, it has been suggested that the infected monocytes could transport the bacterium from the lung, the site of the primary infection, throughout the body to other susceptible cell types, including endothelial cells [7] [8] [9] [10] . Studies demonstrating that C. pneumoniae could be recultured from alveolar macrophages and later from PBMCs of mice inoculated intranasally with C. pneumoniae supports this hypothesis [10] , although there is no clear evidence that this occurs in humans. Even though a variety of observations support the hypothesis that C. pneumoniae infection of monocytes may contribute to an inflammatory response, little is known about the global effects on monocyte gene expression that are induced by infection.
Gene-expression profiling by means of cDNA microarrays has been successfully applied to studying gene expression changes in various cell types after infection by Helicobacter pylori, Salmonella typhi, and Listeria monocytogenes [11] , as well as C. pneumoniae-infected human endothelial cells [12] . To better understand the consequences of C. pneumoniae infection in the monocyte, we analyzed its influence on the expression of 2032 unique genes in the human monocytic cell line U937 with cDNA arrays.
We show that C. pneumoniae significantly influences the expression of 128 host cell genes. Expression of a subset of these genes was confirmed by quantitative real-time polymerase chain reaction (PCR) and by flow cytometry. We also show that infected cells express not only genes associated with acute and chronic inflammation, but also genes known to be involved in cardiovascular disease, including tissue-remodeling lipid metabolism and vasoconstriction.
MATERIALS AND METHODS
C. pneumoniae propagation and inoculum preparation. C. pneumoniae (AR-39 strain; obtained from ATCC) was propagated in McCoy cells (ATCC CRL-1696), in MEM with Earle salts supplemented with 10% heat-inactivated fetal bovine serum (FBS), 0.5% glucose, 2 mmol/L l-glutamine, 1ϫ nonessential amino acids (Sigma), 8 mmol/L HEPES, 25 mg/mL gentamycin, and 1 mg/mL cycloheximide. Infected cells were harvested on day 3 or 4 and then disrupted by 2 cycles of freeze-thawing and ultrasonication. Cell debris was removed by centrifugation at 300 g for 10 min, and bacteria were concentrated by centrifugation at 30,000 g for 30 min. Pellets were resuspended in PBS (pH 7.4), mixed with an equal volume of sucrose-phosphate-glutamic acid buffer (0.22 mol/L sucrose, 10 mmol/L NaH 2 PO 4 , 3.8 mmol/L KH 2 PO 4 , and 5 mmol/L glutamic acid [pH 7.4]), formed into aliquots, and frozen at Ϫ80ЊC until use. The same stock was used for all experiments. For mock infection, uninfected McCoy cells were processed as described above and stored at Ϫ80ЊC.
C. pneumoniae titration was performed on McCoy cells by use of immunofluorescent staining. Monolayers were infected with serial dilutions of concentrated bacteria, incubated for 48 h, fixed with methanol/acetone (1:1), and stained with mouse anti-C. pneumoniae major outer membrane protein (MOMP) monoclonal antibody (Dako). Fluorescein isothiocyanate (FITC)-labeled anti-mouse IgG (goat F[ab ] 2 anti-mouse IgG; Sigma) was used as a secondary antibody. After counting chlamydial inclusions under a fluorescent microscope, titers were expressed as inclusion-forming units per milliliter.
Cell culture and infection. U937 cells were grown in 75-cm 2 culture flasks in RPMI 1640 medium containing 10% heatinactivated FBS and 50 mg/mL gentamycin at 37ЊC in 5% CO 2 . Before infection, the cells were transferred to 24-well plates at a density of cells/well in RPMI 1640 medium containing 6 1 ϫ 10 10% heat-inactivated FBS, 0.5% glucose, and 10 mmol/L HEPES.
U937 cells were infected with mycoplasma-free C. pneumoniae strain AR-39 stock at a multiplicity of 4 ifu/cell. Control cells were treated with the same volume of mock stock. Both were centrifuged at 600 g for 45 min at 30ЊC, during which time infection took place [13] . The plates were incubated at 37ЊC and 5% CO 2 , and infected and mock-infected cells were collected for RNA extraction at 0, 2, 6, 10, 24, and 48 h after the centrifugation. Note that the zero time point is taken immediately after the 45-min centrifugation of the bacteria, during which time infection occurs. Cells were washed twice with 37ЊC medium used for infection before extracting the RNA. Three independent experiments monitored by cDNA arrays were performed. Two additional experiments with the same conditions were performed, to compare the C. pneumoniae MOMP and GroEL mRNA levels in host cells infected with live and heatinactivated (at 60ЊC for 40 min) C. pneumoniae. cDNA array production. Escherichia coli isolates containing plasmids with a cloned insert specific for a particular human gene were obtained from Research Genetics. Inserts were PCR amplified with the universal primers M13 JQ forward (5 -GTT-TTCCCAGTCACGACGTTG-3 ) and M13 JQ reverse (5 -TGA-GCGGATAACAATTTCACACAG-3 ) and were spotted onto a nylon filter by use of the GMS 417 arrayer (Affymetrix). Each array (HA03) contained 2032 individual human genes. The complete list of arrayed genes can be found at http://showelab .wistar.upenn.edu.
RNA amplification, hybridization, and scanning. The RNA amplification procedure described elsewhere [14] was followed, with slight modifications. Details of the protocol can be found at http://showelab.wistar.upenn.edu. Labeled targets were prepared from 0.6 mg of amplified RNA (aRNA) with Superscript II reverse transcriptase (Invitrogen), according to the manufacturer's directions, in the presence of 100 mCi of [a- 33 P] dCTP (Amersham-Pharmacia Biotech), 1 mmol/L dATP, 1 mmol/L dTTP, 1 mmol/L dGTP, 1 mg of oligo-dT (Promega Biosciences), and 1.5 mL of 10ϫ random decamer (Ambion) primers. Labeled cDNA probes were hybridized to individual nylon arrays at 42ЊC for 18 h. Arrays were washed twice in 2ϫ standard saline citrate (SSC)/1% SDS solution for 20 min at 50ЊC and were washed once in 0.5ϫ SSC/1% SDS and 0.1ϫ SSC/0.5% SDS for 20 min at 55ЊC. Arrays were exposed to phosphor screens (Packard Instruments) for 3-5 days and were scanned in a Storm 820 PhosphorImager (Molecular Dynamics). Quantitation of each spot was assessed by ArrayVision image analysis software (Image Research) and was exported to a Microsoft Excel file.
Data analysis. Normalized signal intensities (nMDs) of individual spots were calculated by subtraction of local background intensity, followed by global normalization and division by the median intensity of all the spots on the array. Statistically significant genes were selected from a data set of 2032 genes, as described below.
Infected versus mock-infected gene expression cutoffs. A paired t test between C. pneumoniae-and mock-infected cells was computed for the expression of each gene over all time points for the 3 replicates. In addition, a separate t test compared the values at each experimental time point in C. pneumoniae-infected cells to the values over all the time points for . Genes with P ! .05 in any of the 7 t tests described above were considered P ! .05 for further analysis. This gene set was then further reduced by the procedures described below.
The variance in the averages over replicates for all time points in infected cells was compared with the analogous variance in mock-infected cells. Only genes with the ratio of variance (average [nMD (inf) ] average [nMD (mock) ]) 13 passed this )/variance filter, which applied to the set of genes that passed the t tests above, selected genes with large changes in the infected cells, compared with mock-infected cells.
In addition, correlation was obtained between the time course of average gene expression in C. pneumoniae-infected cells and the time course in the mock-infected cells. Genes with correlations 10.9 were discarded. This filter eliminated genes that undergo the same changes in both infected and mockinfected cells.
Time course cutoff. The genes, which passed the 3 filters described above, were subjected to an additional t test comparing the expression values in the C. pneumoniae-infected cells only. Depending on the gene expression profile, a t test was performed either between the lowest and highest point in the profile or between the continuous set of lowest values and the continuous set of highest values. Genes with for either P ! .05 of the t tests described above passed this filter. This filter selected genes that either increased or decreased significantly from their initial expression value.
Data interpretation. The significant genes fulfilling all the criteria mentioned above were clustered by using either kmeans [15] or hierarchical clustering [16] analysis based on the z-scores of nMDs from mock-infected and/or C. pneumoniaeinfected cells at each time point, by J-Express software.
Relative quantitation of cDNA by real-time PCR. Either 0.6 mg of aRNA or 1 mg of total RNA from C. pneumoniaeinfected, heat-inactivated C. pneumoniae-infected, mock-infected, and untreated U937 cells harvested at 10, 24, or 48 h after infection were reverse transcribed under the same conditions as in the labeling process. Primer design was based on the determined DNA sequence for the clone spotted on the array by Light Cycler Probe Design Software (version 1.0; Idaho Technology). The primers used are listed in table 1. Real-time PCR was performed with the LightCycler-FastStart DNA Master SYBR Green I Kit in a Light Cycler instrument (Roche Diagnostics). After 10 min of preincubation at 94ЊC, 40 cycles were performed with the following conditions: 94ЊC for 10 s, 55-60ЊC for 10 s, and 72ЊC for 20 s. For relative quantitation, a calibration line was generated from the real-time PCR data of 1:1, 1:10, 1:50, or 1:100 dilutions of mock-infected U937 cDNA. Duplicates of the 1:10 dilution of the tested cDNAs were compared with the calibration line, and the relative amounts of cDNAs were calculated by the Light Cycler analysis 3.01 software. Samples were standardized by using the methylCpG binding domain protein 4 gene, which did not change substantially in either the C. pneumoniae-or mock-infected U937 cells, as measured by the cDNA arrays.
CD44 and CD58 flow cytometry. U937 cells were infected with C. pneumoniae at a multiplicity of 4 ifu/cell; control cells were mock infected. Infected and mock-infected cells were collected 48 h after infection. Cells were preincubated with normal mouse serum, stained with FITC-labeled mouse anti-human CD44 or CD58 antibody and their appropriate isotype controls (BD Pharmingen), and analyzed within 30 min with an EPICS XL flow cytometer (Beckman-Coulter).
Immunofluorescence and light microscopy of the infected U937 cells. Infected (MOI, 4 ifu/cell) and mock-infected U937 cells were harvested 0, 2, 6, 10, 24, and 48 h after infection, and cytospin preparations were made. Cells were fixed with ice-cold acetone and stained with monoclonal mouse anti-C. pneumoniae MOMP antibody (Dako). This was followed by an FITC-conjugated anti-mouse secondary antibody (goat F[ab ] 2 anti-mouse IgG; Sigma). Stained cells were visualized with a confocal laser scanning microscope (model SP II; Leica).
RESULTS
Detection of C. pneumoniae protein and mRNA in the infected U937 cells. The presence of C. pneumoniae protein and mRNA in U937 cells was determined with monoclonal mouse anti-C. pneumoniae MOMP antibody by means of confocal microscopy and quantitative real-time PCR, respectively, at 0, 2, 6, 10, 24, and 48 h after infection.
At 0 h after infection, ∼70% of the cells were positive for MOMP protein, displaying 1-20 small fluorescing dots of variable intensity. Mock-infected cells showed only dim background fluorescence ( figure 1D ). Positive staining for MOMP could be detected during the entire course of the experiment ( figure 1A-C) , and C. pneumoniae particles were found both on the surface and inside the cytoplasm of the infected cells ( figure 1A, insert) , indicating the continuous presence of C. pneumoniae in the cells.
To further investigate whether C. pneumoniae is metabolically active in U937 cells, real-time PCR was performed with 2 different C. pneumoniae primers. Expression of MOMP and GroEL genes were measured in host cells infected by live or heat-inactivated C. pneumoniae. The expression patterns of the 2 genes were relatively constant, showing a slight increase in transcription at 10 h after infection and a slight decrease in the later time points in the cells infected with viable bacteria. In contrast, in the cells infected with heat-inactivated bacteria, the MOMP and GroEL mRNA levels decreased significantly by 2 h after infection and remained at the same low level during the 48-h time period ( figure 1E and 1F) . The decrease in mRNA levels at the 0 time in the case of MOMP is likely due to degradation of the message pool in the heat-inactivated bacteria during the 45-min centrifugation.
cDNA array analysis of gene expression in C. pneumoniaeinfected and mock-infected U937 cells. The transcriptional responses of U937 cells to C. pneumoniae and mock infection were examined by cDNA array at 6 time points over a 48-h time course in 3 independent experiments. The cDNA array we used included 2032 unique human genes selected to include functions relating to apoptosis, cell cycle, cell stress, metabolism, signaling, transcription regulation, inflammation, immune response, and cardiovascular disease.
To assess the global changes in gene expression as a function of time after infection, we computed 6 t tests comparing expression values at individual time points in the C. pneumoniaeinfected cells with the combined expression values for all time points of the mock-infected cells. The results of these t tests are shown in figure 2 . By using the cutoff and by es-P ! .05 timating the number of false positives, as described in Materials and Methods, we detected 67 differentially expressed genes at 6 h, with the numbers increasing to 184 genes at 10 h after infection. Interestingly, this rapid increase in significantly changed genes paralleled the increases in C. pneumoniae MOMP and GroEL mRNA expression, which also peaks at 10 h after infection ( figure 1E and 1F) .
At 24 and 48 h after infection, the number of differentially expressed genes ( ) stabilized at ∼400 (20%) of all the P ! .05 genes on the array. The seventh curve on the figure, a paired t test between all the infected and mock-infected time point data, shows the same number of differentially expressed genes, indicating that the majority of the changes occurred at the later time points. After application of additional filters (see Materials and Methods) to the genes that had a in any of the 7 P ! .05 t tests described above, we find 67 significantly up-regulated genes and 61 significantly down-regulated genes.
When the 128 significant genes were subjected to k-means clustering, 6 clusters of up-regulated and 3 clusters of downregulated genes were obtained ( figure 3A and 3B ). From the 6 up-regulated gene clusters, cluster 1 contained genes with an early and transient up-regulation profile. Important transcriptional regulators-including JunB, NF-kB1, NF-kb inhibitor a (I-kBa), CCAAT/enhancer binding protein b (CEBPB), and proinflammatory cytokine tumor necrosis factor (TNF)-a were included among the 7 genes that were rapid responders. Clusters 2 and 4 included genes that were up-regulated early (2-6 h after infection) and then remained at relatively the same level during the course of infection. These clusters contained cellsurface antigens, such as CD82 and CD58, that are important for antigen presentation and the first wave of chemokines and chemokine receptors, including monocyte chemotactic protein (MCP)-1, growth-related oncogene (GRO)-1, macrophage inflammatory protein (MIP)-1a, and CC chemokine receptor like-2. Other genes with a potential role in AT, such as the diphtheria toxin receptor (heparin-binding EGF-like growth factor [HBEGF]), Niemann-Pick disease type C1, and coagulation factor 5, were also found in the clusters.
Cluster 3 contained genes that were transiently up-regulated, peaking 6-10 h after infection, including anti-inflammatory genes such as annexin A1 and TNF-a-induced protein 6 (TNFAIP6), a member of the hyaluronan binding family that includes CD44 [17] . It is noteworthy that the expression pattern of this gene cluster parallels that of the C. pneumoniae MOMP and GroEL genes ( figure 1E and 1F) . Clusters 5 and 6 contain expression profiles of gene clusters in C. pneumoniae-infected cells over the 6 time points (0, 2, 6, 10, 24, and 48 h). Gene expression data were normalized, and the z-scores were used for k-means clustering. k-means clustering allocates genes into one of the k-clusters according to correlation between the average profile in each cluster and the gene profile. A negative z-score does not necessarily indicate that the genes are down-regulated, but rather that the expression at the particular time point is lower than the average expression. The black, red, and green curves represent the mean, , and of the z-scores of gene expressions related to the particular cluster. Genes that show at least 4-fold up-regulation (C) mean ‫ע‬ SD mean Ϫ SD and at least 3-fold down-regulation (D). The ratio reported is calculated with the average normalized signal intensities of the 3 independent experiments at the time point when the maximum fold of up-or down-regulation was measured. CSA, cell surface molecule.
genes peaking only at 24 and 48 h after infection. These 2 groups include a second wave of up-regulated cytokines and receptors related to chemotaxis, attachment, and activation, including interleukin (IL)-1b, MCP-2, I-309 (chemokine receptor CCR8 ligand), chemokine receptor-1, G protein-coupled receptor 30, CD44, and integrin-aX. Other genes possibly related to AT disease, such as the tissue remodeling genes matrix metalloproteinase (MMP)-3, MMP-10, MMP-12, and proplatelet basic protein (PPBP), the vasoconstrictor endothelin (ET)-1, and lipid metabolism genes, including fatty acid binding protein (FABP)-4 and glycerol kinase, were also in these late responder clusters.
Clusters 7, 8, and 9 contained genes with down-regulated expression levels detected at 2, 6, and 10 h after infection, respectively. The down-regulated gene sets were functionally rather uniform and primarily included genes related to DNA and RNA metabolism, cell-cycle regulation, and growth.
Regarding the fold changes of gene expression in C. pneumoniae-infected U937 cells, the most highly up-regulated genes were related to chemotaxis and inflammation. GRO-3 (MIP2b) exhibited a 480-fold change, small-inducible cytokine A3 (MIP-1a) exhibited a 290-fold change, and PPBP exhibited a 165-fold change. Two tissue-remodeling genes, MMP-10 and MMP-3, were also highly up-regulated (116-and 63-fold, respectively; figure 3C ).
The most highly down-regulated gene is the proto-oncogene v-myb (26-fold change; figure 3D ), which induces proliferation and differentiation of hematopoietic precursors [18] . The degree to which gene expression was down-regulated was lower in general; only 6 genes were 110-fold down-regulated, compared with the 20 genes that were up-regulated by 110-fold. The complete list of significantly up-and down-regulated genes is available at http://showelab.wistar.upenn.edu.
To highlight the potential role of C. pneumoniae in inflammation and AT, a subset of genes with functions related to the innate or acquired immune response and genes associated with AT were divided into functional groups and reclustered by means of hierarchical clustering (figure 4).
Real-time PCR and flow-cytometry confirmation of cDNA array data. To confirm the cDNA array data, real-time PCR was performed on 9 genes with different levels of up-and down-regulation in the C. pneumoniae-infected cells, as determined by cDNA arrays. By means of cDNA reverse transcribed from aRNA, the real-time PCR results confirmed the cDNA array data in each of the 9 cases and gave a ratio of over-or underexpression either similar to or greater than that determined in the array experiments (table 2). This was also true when nonamplified RNA was used supporting the linearity of the amplification procedure used (table 2, columns 2 and 3). The significantly greater levels of change in expression of IL1b, MMP-10, and PPBP genes detected by PCR could result from nonspecific cross-hybridization.
The expression profiles of NF-kB1 and its inhibitor, I-kBa, were also assayed by real-time PCR. Expression levels were determined for each time point from the C. pneumoniae-and mock-infected cells. As shown in figure 5A and 5B, the realtime PCR and cDNA array methods resulted in very similar curves, again validating the cDNA array data.
The array data indicated that the message levels for the cellsurface molecules CD44 and CD58 had a 3.8-and 3.4-fold increase, respectively, in the C. pneumoniae-infected cells 48 h after infection. CD44 and CD58 antigen levels were found to be increased 3.2-and 2-fold in the infected cells, as detected by flow cytometry ( figure 6A and 6B) . In addition to confirming the cDNA array results, these data also show that the mRNA and protein levels changed similarly in these 2 cases.
DISCUSSION
Effect of C. pneumoniae infection on global gene expression in U937 monocytic cells. We have examined the effects of C. pneumoniae infection on global gene expression in U937 monocytic cells, to determine whether the changes in gene expression that occur support the hypothesis that C. pneumoniae-infected monocytes can contribute to the development of AT and other diseases associated with inflammation. Our results show that infection of U937 cells with C. pneumoniae has far-reaching effects on gene transcription within the 48-h time period we have monitored. Significant changes in gene expression were detected in at least 8% of the 1500 genes in our array that were expressed by these cells. Expression levels of 12 of the genes were confirmed either by quantitative realtime PCR or by flow cytometry. In every case, the direction of change detected by the array data was confirmed by our secondary analyses.
Other studies that used the same U937 cell line and C. pneumoniae AR-39 strain that we used in the present study showed that bacterial viability, but probably not replication, can be detected during the initial 48-h time period after infection that we studied [7, 8, 19] . Our immunofluorescent experiments showed the continuous presence of C. pneumoniae inside and on the surface of the U937 cells. In addition, real-time PCR experiments demonstrated that, although bacterial mRNA levels decreased precipitously in cells treated with heat-killed bacteria, mRNA levels were maintained around the steady-state level in cells treated with viable C. pneumoniae. It is possible that some of the effects we see are the result of infection, and others are the result of interaction and activation of the host that do not necessarily require the presence of viable bacteria. Although studies with primary cells will be required to verify our observations in U937 cells, many of the effects on gene Figure 4 . Tree views of differentially expressed genes related to acute and chronic inflammation and vascular pathologic abnormalities. The tree views were generated by means of normalized gene expression values (z-scores). Each row represents a single gene. Red squares, genes that are overexpressed; green squares, genes that are underexpressed, compared with the unchanged expression levels (black). The columns represent the 0-, 2-, 6-, 10-, 24-, and 48-h time points. The ratio reported is calculated by using the average normalized signal intensities of the 3 independent experiments at the time point when the maximum fold of up-or down-regulation was measured. expression that we see in the U937 model are consistent with what is known about monocyte activation.
Genes expressed early after infection can regulate the subsequent gene expression. We detected several classes of genes that were up-or down-regulated soon after infection. For the most part, down-regulated gene expression was detected early and was sustained throughout the 48-h study period. Downregulated genes were less diverse in function and, in general, were associated with RNA and DNA metabolism, cytoskeleton, cell-cycle regulation, and chromosome maintenance. The most highly down-regulated genes, the Myb oncogene and minichromosome maintenance protein (MCM) 7, are both involved with DNA replication and cell proliferation, Myb at the level of transcription [18] and MCM7 at the level of chromosome stability [20] . The consistent down-regulation of genes related to cell division may be a reflection of the general abatement of cell cycle progression and the associated metabolic pathways. A similar effect was previously observed in the THP1 monocytic cell line after C. pneumoniae infection [21] .
Genes rapidly up-regulated after infection with C. pneumoniae include NF-kB1 and its inhibitor I-kBa, junB, CEBPB, and the important proinflammatory cytokine TNF-a. Expression of each of these early genes has been linked to the induction of the expression of many of the genes associated with inflammation that we find up-regulated at later times, including NFkB-regulated IL-1, IL-6, TNF-a, MCP-1, MMP-3 [22] , junB (AP1 complex)-regulated HBEGF [23] , MMP-3 [24] , and CEBPB-regulated MIP-1a, MIP-1b, granulocyte colony-stimulating factor, and MCP-1 [25] . TNF-a gene expression is both regulated by and can induce NF-kB [22] . TNF-a can also induce expression of IL-1, IL-6, plasminogen activator urokinase, MMP, and other molecules, such as TNFAIP6 and TNFAIP3. Message levels for each of these genes were increased in our infected cultures at later time points. This could be due, in large part, to the effects of TNF-a on NF-kB activation.
C. pneumoniae infection induces expression of genes that can contribute to local inflammation. Several inflammationrelated genes were up-regulated in response to C. pneumoniae infection, including chemokines that exhibited high levels of up-regulation (9-480-fold). Expression of these chemokines by monocytes in vivo could trigger the extravasation and local accumulation and activation of neutrophils, monocytes, and lymphocytes. Chemokine expression profiles in the infected cells were similar for the first 24 h after infection. However, although the expression of several chemokines that are chemotactic for neutrophils decreased by 48 h after infection, 2 monocyte-lymphocyte chemokines, I-309 (T cell activator 3) and MCP-2, remained elevated (figure 3A, clusters 5 and 6). It is also noteworthy that, among the 3 chemokine receptors, we found up-regulated expression of CCR1, a receptor for MCP-2, which remained elevated at 48 h (figure 3A, cluster 5). This suggests that a long-term effect of C. pneumoniae infection of monocytes could be the expression of chemokines that facilitate mononuclear cell infiltration.
In addition to the induction of inflammation-associated chemokines, C. pneumoniae also induced expression of genes for cell-surface molecules that could contribute to the inflammatory process, including CD44, TNFAIP6, and integrin-aX. The expression of CD44 has been shown to contribute to several types of inflammation-related diseases, such as arthritis, experimental encephalomyelitis, colitis, and AT [26] . Induction of the hyaluronan receptor CD44 due to C. pneumoniae infection has not previously been demonstrated. A second hyaluronan receptor, TNFAIP6, was also highly up-regulated in the present study. The function of TNFAIP6 is less well understood, but its expression has been linked to anti-inflammatory responses [27] . The expression patterns of these 2 hyaluron receptors were very different. TNFAIP6 expression peaked early and then decreased to baseline level by 48 h after infection ( figure 3A, cluster 3) . In contrast, the CD44 mRNA levels increased slowly, and, at 48 h after infection, message levels persisted at their highest level ( figure 3A, cluster 6 ). These data suggest that, early in infection, the presence of C. pneumoniae can induce not just pro-but also anti-inflammatory genes, as evidenced not only by the expression of TNFAIP6, but also by the expression other anti-inflammatory genes, including annexin A1. This response appears to be transitory and is eventually superseded by the expression of a variety of proinflam- matory chemokines and cytokines and inflammation-associated cell surface markers, including CD44 and integrin-aX.
In general, many of the up-regulated genes were associated with clusters 2 and 5, and particularly 4 and 6, where a majority of the gene expression levels remained at high levels or were still increasing at 48 h. These genes could contribute to a longterm effect on monocytes-macrophage gene expression due to C. pneumoniae infection.
C. pneumoniae infection induces expression of genes that can promote AT. A fundamental role for different proinflammatory molecules, such as monocyte chemokines, in the development of chronic inflammatory diseases, such as AT or multiple sclerosis, has been described elsewhere [28, 29] . The fact that we find chemokines such as MCP-1 to be induced by C. pneumoniae supports suggestions that C. pneumoniae-infected monocytes may contribute to these inflammatory processes. Continuous tissue remodeling, including local matrix degradation, and fibroblast and smooth-muscle cell proliferation, are also characteristic features of AT. In the present study, we found 3 MMPs-MMP-3, MMP-10, and MMP-12-to be highly up-regulated (63-, 116-, and 7.3-fold, respectively). Additional up-regulated genes include HBEGF and b-thromboglobulin. HBEGF has been shown to induce proliferation of smooth-muscle cells [30] ; b-thromboglobulin (part of the upregulated PPBP) is chemotactic for fibroblasts [31] . HBEGF has also been detected in macrophages in AT tissues [32] and in C. pneumoniae-infected endothelial cells [12] .
We also found that important members of the coagulation cascade, coagulation factor V and plasminogen activator urokinase, were up-regulated after C. pneumoniae infection, indicating that the local coagulation cascade could also be influenced by C. pneumoniae-infected monocytes. Other C. pneumoniaeinduced genes that could promote AT include those involved in either fatty acid or cholesterol trafficking, such as FABP-4 and Niemann-Pick disease type C1. The overexpression of genes responsible for lipid accumulation could be a defensive response of the host cell to infection, because the growth of C. pneumoniae is inhibited by high intracellular lipid levels [33] . However, the lipid accumulation in macrophages also leads to foam-cell formation, which is an early event in the development of AT. Finally, we find that the gene for a highly potent vasoconstrictor, ET-1, is up-regulated (3.5-fold) in infected cells. Induction of ET-1, whose expression has been shown to be important in the pathogenesis of chronic heart disease [34] , by C. pneumoniae has not been previously demonstrated.
The present study demonstrates that infection of U937 cells with C. pneumoniae rapidly induces gene expression of transcription factors and cell-signaling molecules that then initiate a complex program of gene expression. Many of the large-scale changes in the expression we detected were in genes associated with various steps of acute and chronic inflammation, including leukocyte chemotaxis, attachment, and activation. We also found the induction of a number of genes that could have considerable impact on the initiation and progression of AT, including genes associated with lipid accumulation, vasoconstriction, tissue remodeling, and coagulation.
